Recently Ryder and Shockley have found experimentally that the electrical conduction in a pure germanium crystal shows the marked deviation from Ohm's law in the strong electric field. In order to clarify the mentioned phenomena along the usual theory of electrical conduction, we have calculated the distribution function of conducting electrons in non·polar semiconductor by solving the well-known Bloch's integral equation to the second order approximation, taking account of the interaction of electrons with both the acoustical and optical modes of lattice vibrations. As a result we have found that our theory may well interpret the general behaviour of this phenomenon qualitatively. Furthermore, we have discussed the effect of impurity ions upon the critical field strengrh. § 1. Introduction
In the theory of the electrical conductivity the so-called Bloch's integral equation is well-known to be the fundamental one, which unfortunately has not been solved rigorously so far. For the case of weak electric field, however, we are allowed approximately to use the first order solution of the Bloch's integral-equation, which correctly lead to the Ohm's law of the electrical conductivity. On the other hand, for the case of very strong electric field, the appreciable non-ohmic current has been observed experimentally to appear even in insulating crystals, which finally breaks down rather abruptly at certain critical strength of the applied field. The phenomenon of the so-called electrical breakdown' mentioned above has been investigated by many theoretical physicists. In order to determine the breakdown strength by the energy balance condition, they have calculated only the rate at which a conduction electron would lose its energy to the lattice, while the distribution function of the conduction electrons in the strong electric field has never been taken into consideration in detail so far. Owing to the lack of the knowledge of the mentioned distribution function, however, the phenomenon of non-ohmic current or the pre-breakdown current in the very strong field, closely connected with the electrical breakdown, could not be accounted for satisfactorily.
Recently Ryder and Shockleyl) have found experimentally that the electrical conduction in a pure germanium crystal shows the marked deviation from the Ohm's law in the strong' electric field. Futhermore Shockley2) has discussed theoretically this very interesting phenomenon by a rather intuitive method and explained the essence of the phenomenon elegantly. Independent of him, we 3 ) also have worked theoretically the same phenomenon by the rather orthodox method of solving to the second order approximation the Bloch's integral equation in non-polar semiconductor, allowing for the action of the strong electric field.
We also assume that the conduction electrons in germanium crystals obey the Maxwell-Boltzmann statistics approximately. Our calculations have shown to give the same results as Shockley's in many respects and we are sure that his rather intuitive standpoint has been actually confirmed by our calculation. Since Shockley's second paper shows that the effect of the optical mode of vibrations seems to be q~ite appreciale for the electronscattering for some crystals, we shall here calculate the electrical conductivity of the nonpolar crystals in .the strong electrostatic field by taking account the interactions of electrons with both the acoustical and optical modes of vibrations. § 2. The effect of the acoustical mode
In the experiment of Ryder and Shockley the electric field is not yet strong enough to excite the appreciable number of electrons of the full band into the conduction band. In this case the conduction electrons are mainly scattered by the interaction with the lattice vibrations (both acoustical and optical) and by colliding with the impurity ions. As the interaction between electrons and acoustical modes of vibrations may have the most important effect in non-polar crystals, we at first take into account only this modes of vibrations.
Let fck) be the distribution function of the conduction electrons having the wave number 
Inserting eq. (3) into eq. (2), it becomes:
Now we expand the functions /o(E+ "A.w), /o(E-"A.w) or exp (x) with respect to "A.w or ~, neglecting the higher order terms than the second order one.
e"'=1+z+1/2.r,
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This approximate procedure may be allowed except for the very low temperature. Further we must be cautious in determining the upper limit of integration qma",' On integrating
{fo(E+"A.w)e"'-/o(E)} and l/(E-1iw) -/0 (E) e"'
} with respect to q, the corresponding upper limit qmaJJ is to be taken as qm==2K ±2m*uoln respectively owing to the usual considerations. On the other hand we shall be allowed to take the lower limit as 0, unless K is very small (K <muo/"A.). The behaviour of such a slow electron, however, is unimportant in our case except for the very low temperature.
Then, after some calculations, eq. (4) becomes:
After carrying out the integration the final expression for (a//at) Coil has been obtained as follows:
On the other hand, (a/ jat) Field is written as usual,
where -e is the electronic charge. Inserting (7) and (6) into (1) we obtain the following set of differential equations for /0 (E) and g (E) :
Let us here introduce the mean free path 1 in the weak field
then the above equations are written as (9) (10)
E,I"II (E/"7'
)J, 
Eliminating g (E) from the above equations we obtain the final differential equation for
where (14) In the case of weak field we may neglect the second order quantities with respect to F, so eq. (13) reduces to
whose solution is readily.found as /0 (E) =A exp (-Ej koT>. According to the usual procedure we also find that the conductivity 0"0 is given by:
We see that in this case our equations lead to the Boltzmann distribution and the Ohmic conductivity.
On the contrary, if we assume PkoT'? E and P> 1 (the case of very strong field), 
Using eqs. (12), (IS) and (19) the current density in strong field may be written as follows:
Thus the observed field dependence of the electric current has been found to be correctly given, and the temperature dependence of it is also in qualitative accord with the observation. The ratio of 0" in strong field and 0"0 in weak field is easily computed as: 
which value is tabulated in Table I for several values of p.
From the distribution f~nction obtained above the number density and the energy· density of the electron in strong field are easily seen to reach their maximum at the energy values of (22) and (23) respectively, together with the average energy of
The energy value determined from the energy balance condition, presupposed usually in the breakdown theory,
has been found to coincide with our E""'a.c exactly, which fact seems to justify the validity of the mentioned condition for computing the current density in the strong field. Shockley has already derived our .eq. (22) (22) and (23): (27) and (28) For the weak field strength, the above expressions are reduced approximately to the usual Table II. -p-~- Using the distribution function (26) we have found the conductivity (j for several values of p, as tabulated in Table II . Now, in order to discuss the detailed behaviors in the real crystal, the numerical relation between the p-value and the field-one is essentially required, but unfortunately the reliable informations about it can hardly be obtained at present, since the values of mobility and sound velocity involved in (14) are rather at variance with each other according to the different measurements. We, therefore, have adopted tentatively 3600 (Ge) , 900 (Diamond) and 1000 (Si) cm 2 /volt/sec. for the mobilities at room temperature, while for sound velocity, 0.5.10 6 (Ge) , 1.75.10 6 (Diamolld) and 0.9,10 6 (Si) em/sec. re~pectively, which values lead to 200 (Ge) , 3000 (Diamond) and 1000 (Si) volts/em for the field values of p=l at room temperature respectively.
Using the mentioned field value we have computed actually the absolute value of the electrical conductivity for Ge in the strong field region, whose comparison with the experiment reveals that the observed deviations from Ohm's law do not occur at field as low as predicted by our computation, namely, the Ohm's law still holds even at several times higher field than that expected by our theory. The reason for such discrepancy seems to be rather complicated one. In this connection it should be poi!lted out that the value of the interaction parameter C in the strong field has not worked out theoretically, but the observed value of the mobility in weak field has been used in our estimates. The conventional procedure mentioned above may be considered to introduce much ambiguity in our theory. In order to explain the above discrepancy Shockley has suggested that the energy surface
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in the Brillouin zone of Ge crystals is not of a spherical one, which is presupposed in our theory, but instead a complex .surface of two or three sheets. Although his suggestion is very interesting, it seems to be difficult at present to derive a quantitative conclusion from his ideas, since the detailed knowledge of the band structure of Ge has not been obtained. § 3. The effect of the optical mode
The treatment presented above is based entirely upon interaction with the longitudinal acoustical mode of the lattice vibrations of the crystal.
The diamond structure lattice, however, is expected to have also the optical mode.
The effect of the optical mode for the electron scattering has been thoroughly discussed by Seitz 5l but the observed variation of the mobility with temperature did not reveal this effect.
Recently Shockley showed that the observation of Ryder was well interpreted by taking into account the effects of the optical modes.
In view of the above situation, therefore, we shall here also discuss the influence of optical modes upon the electron scattering. We assume for simplicity that the frequency of the optical modes has a constant value lIJ o and the temperature is so low that the conduction electron is able to emit a phonon but can not absorb a phonon at all. Then, according to Seitz, we may easily write down the expression of (a/lat) Colt as follows:
where D is the interaction parameter for the optical mode, analogous to C in the acoustical one and p the first non-vanishing reciprocal vector of the lattice. When the electron energy E is nearly equal to nlIJ o ' we are not allowed to expand the function fo(E ±nlIJ o ) ' in which case Bloch's integral equation is not easily reduced to the usual differential equa· tion. On the other hand, if E is much larger than nwo. it may be expanded as follows:
Here we shall denote the relative ratio of the interaction constants of two modes by R:
Then eq. (30) becomes
[ of]
Using eqs. (32), (7) and (1), we obtain the following differential equations, which are easily seen to be the generalized equations of eqs. (11) and (12).
Eliminating g (E) from these equations, we obtain (E%" + 2EIo') + ( !~fo + ::r fo) + ~~;
which is rewritten as It follows, after a simple integration, When E is much larger than nCLl o • the term nCLlo/2E may be neglected approximately compared with unity. In that case the integration is easily performed as follows: 
When p becomes very large, the average energy of the electron is much larger than nwo'
in which case we may be allowed to assume the distribution function is approximately given by eq. (39). Then the electric current is given by
where 1~,,0u' is the current intensity in eq. (21). We see that In the case of very strong field the interaction with the optical modes of vibrations reduces the value of the electric current by about 1/(1 + R) 3/4, but the field dependence of the current is still expressed by V F. When the field is not so strong, the above mentioned approximation is no more valid and some other method of approximation has to be deviced. 
Finally, the electric current is given by
It may be easily seen that this current expression contains eqs. (21) and (41) as the extreme cases. Only when p is equal to p' the above expression reduces easily to
In other cases of p-value we have to calculate the current numerically from eqs. (42) and (43 For the case of the impure crystals, we have to take account of the impurity-scattering beside the lattice-one in the electronic conduction. As the scattering due to the impurity ion in non-polar crystals has been discussed by Conwell and Weisskopf,s) we shall adopt here "their method of procedures. For simplicity we shall again omit the optical modes of vibrations. As is well-known, the lattice scattering is of inelastic nature, while the impurity scattering is considered approximately to be elastic one, so that the terms containing fo (E) in (ai/at) Colt remain unchanged by adding the impurity scattering term. Accordingly eq. (11) the field is not so strong or the impurity content is so large that the conditions of loE2
.:{{ I and It--I, are valid, the critical field is diminished by the factor (t./ I), which leads to the conclusion that the critical field is sensitive to the impurity content. 7 )S) Finally we wish to express our sincere thanks to Prof. T. Muto for his continued interest and advice during the course of this work.
